Mycoplasma fermentans is an extracellular microorganism capable of adhering to the surface of host cells. It has been recently shown that plasminogen binding to M. fermentans in the presence of the urokinase-type plasminogen activator promotes the invasion of host cells by this organism. In this report, we show that viable mycoplasmas persist within the infected HeLa cells for prolonged periods of time despite the expectation that within host cells the organism may be exposed to oxidative stress. Using cyclic voltammetry and luminol-enhanced chemiluminescence assays, we detected a potent reducing antioxidant activity in M. fermentans. The reducing antioxidant activity was heat stable, not affected by proteolysis and was almost totally lost upon dialysis suggesting that the activity is due to a nonproteinaceus low molecular weight antioxidant. This antioxidant was partially purified by Bio-Gel column chromatography followed by high-pressure liquid chromatographic analysis. We suggest that the high reducing antioxidant capacity in M. fermentans is a principal defense mechanism playing a major role in the battle of the organism against oxidative stress within the host cells.
Introduction
Mycoplasmas (class Mollicutes) are the smallest self-replicating prokaryotes widely distributed in nature. Most mycoplasmas are parasites, exhibiting strict host and tissue specificities, and almost all of them are bound to the surface of the host cell (Rosengarten et al., 2000; Rottem, 2003) . Mycoplasma fermentans was isolated from the urogenital tract several decades ago. The interest in this organism has recently increased because of its possible involvement in the pathogenesis of some forms of inflammatory arthritis (Gilroy et al., 2001) . Mycoplasma fermentans is considered to be a surface parasite. Nevertheless, when M. fermentans was incubated with plasminogen (Plg) and the urokinase plasminogen activator (uPA), the mycoplasmas invaded host cells (Yavlovich et al., 2001) .
Reactive oxygen species (ROS, e.g. superoxide, hydrogen peroxide, hydroxyl radical) and reactive nitrogen species (e.g. nitric oxide and nitrogen dioxide) are involved in many of the complex interactions between the invading microorganism and its host (Miller & Britigan, 1997) . These molecules exhibit a broad range of toxic effects to biomolecules that are essential for cell survival (Kohen & Nyska, 2002) . Host oxidant production, especially by phagocytes, is a counteractive mechanism aimed at microbial killing. The microorganisms have evolved complex adaptive mechanisms to deflect oxidant-mediated damage including enzymatic and nonenzymatic oxidant-scavenging systems (Miller & Britigan, 1997) . The group of the low molecular weight antioxidants (LMWA) is much larger than the group of antioxidant enzymes and possesses several attributes that contribute to their biological functions. These attributes include the ability of these compounds to penetrate and reach specific locations in the cell where oxidative stress may occur. Therefore, such compounds may give site-specific protection against the deleterious radicals in places where the antioxidant enzymes do not have access (Newton et al., 1996) .
In this study, we describe for the first time that M. fermentans possesses a potent reducing antioxidant capacity and suggest that this capacity is a principal defense mechanism playing a role in the battle against oxidative stress, giving M. fermentans a survival advantage in the intracellular environment.
Materials and methods

Bacteria, host cells and growth conditions
Mycoplasma fermentans strain PG18 and M. penetrans strain GTU were kindly provided by Dr S.-C. Lo (The Armed Forces Institute of Pathology, Washington, DC). Mycoplasma capricolum ssp. capricolum (strain California kid) was from our strain collection. The organisms were grown in modified Chanock medium containing 5-20% horse serum for 24-96 h at 37 1C (Deutsch et al., 1995) . Growth was monitored by measuring the absorbance of the culture at 640 nm and by recording pH changes in the growth medium. The organisms were collected by centrifugation at 12 000 g for 20 min, washed twice, and resuspended in a cold solution of 10 mM Tris-HCl in 250 mM NaCl (pH 7.5, TN buffer) to a protein concentration of 1 mg mL À1 . The epithelial cell line HeLa-229 (ATCC#CCL2.1) was grown in T-25 flasks or in 24-well plates containing Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (Biological Industries, Beit Ha'emek, Israel), 2 mM L-glutamine, 100 U mL À1 penicillin and 100 mg mL
À1
streptomycin. The flasks were incubated at 37 1C in a 5% CO 2 atmosphere. The cells were washed twice and resuspended in phosphate-buffered saline (PBS).
Invasion assay
Invasion of M. fermentans into host HeLa cells was determined by the gentamycin protection assay (Andreev et al., 1995; Yavlovich et al., 2004) . As mycoplasmas are highly sensitive to lysis by detergents, the HeLa cells were plated directly without prior lysis and thus each mycoplasma colony obtained represents an infected host cell rather than a single intracellular mycoplasma (Andreev et al., 1995) . Results were expressed as the percentage of HeLa cells infected by M. fermentans. In some experiments, mycoplasmal material reacting with anti-M. fermentans antibodies was detected within the host cells by the confocal laser scanning microscopy (CLSM) using goat antirabbit flourescein isothiocyanate-conjugated IgG serum (Jackson) as described previously (Yavlovich et al., 2004) .
Fractionations of M. fermentans cells
Membrane and cytosolic preparations were obtained from intact M. fermentans cells by ultrasonic treatment as described before (Yavlovich et al., 2001 (Yavlovich et al., , 2004 . Membranes were separated from the supernatant by centrifugation in the cold at 37 000 g for 30 min, washed three times and resuspended in 10 mM Tris-HCl buffer (pH 7.5). To obtain the cytosolic fraction, the supernatant was further centrifuged at 100 000 g for 2 h to remove membrane fragments and ribosomes. The cytosolic fraction was further fractionated on a 10 Â 200 mm Bio-Gel P-4 column (BIO-RAD) eluted with PBS. Membrane preparations and cytosolic fractions were kept at À 20 1C until used.
Reducing antioxidant capacity
For measuring the reducing antioxidant potential of M. fermentans, the luminol-enhanced chemiluminescence (CL) assay (Ginsburg et al., 2005) and the cyclic voltammetry (CV) assay (Kohen & Nyska, 2002) were used. For the luminol-enhanced chemiluminescence assay, samples of intact mycoplasmas, mycoplasma membranes, or cytosolic fractions in PBS buffer (10 mg protein) were solubilized by 2% of either Triton X-100, CHAPS, sodium deoxycholate (all products of SIGMA) or Zwittergent 3-12 (CALBIO-CHEM) and were added to a reaction mixture containing 10 mL of luminol (10 mM), 10 mL morpholinosydononimine (SIN-1, 1 mM), 20 mL of sodium selenite (2 mM), 10 mL of bovine serum albumin (100 mg mL À1 ) and 10 mL of Co
21
(SIN-1 cocktail). This cocktail simultaneously generates a flux of peroxide and NO. Luminol-enhanced chemiluminescence was also monitored in a reaction mixture containing urea (1 mM), hydrogen peroxide (1 mM) and Na 2 SeO 3 (2 mM) which generates a constant flux of H 2 O 2 . Luminolenhanced chemiluminescence was measured in a LUMAC/ 3M Biocounter M2010 connected to a linear recorder and the resulting light output was recorded as counts per minute (Ginsburg et al., 2005) . For CV measurement a BAS, Model CV-W50 cyclic voltammeter (Bio Analytical Systems, West Lafayette, IN) was used. Intact cells, membrane preparations or cytosolic fractions (1 mg protein mL
À1
) were placed in a measuring chamber equipped with three electrodes: a working electrode (glassy carbon) 3.3 mm in diameter, a reference electrode (Ag/AgCl), and an auxiliary electrode (platinum wire). An electrical linear potential gradient was then applied across an electrode solution interface to oxidize or reduce species present in the solution. The potential was applied to the working electrode at a constant rate (100 mV s À1 ) toward the positive potential. During operation of the cyclic voltammeter, a potential current curve was recorded (cyclic voltammogram). The potential is applied linearly to the working electrode at a constant rate either to the positive potential (evaluation of reducing equivalents) or to the negative potential (evaluation of oxidizing species). It has been shown that evaluation of the overall reducing capacity correlates with the total antioxidant activity derived from the microorganisms scavengers (Kohen & Nyska, 2002) . Although many factors determine the current shape and value, voltammetric waves are usually obtained in a peak shaped or sigmoidal mode. As it seems in Fig. 1 the reducing power was determined from the anodic wave shown in the cyclic voltammogram and was composed of two parameters: the peak potential (E p(a) ) and the anodic current (AC). Each compound has its own E p(a) and the evaluation of the E p(a) of the detected anodic waves may indicate the type of different reducing antioxidants present in the sample tested (their peak potentials). Each wave detected in biological samples may be composed of several compounds possessing close or similar potentials oxidation. Hence the determined E p(a) indicated the ability of the whole group rather than specific compounds to donate electrons to the oxidizing species and by doing so, neutralize it. Besides measuring the E p(a) that correlates with the type of antioxidant, the overall concentration of the reducing antioxidants can be calculated by measuring the AC from the Y axis of each wave. Changes in the concentration of one or more LMWA in each group of molecules will result in changes in the AC of the anodic wave of this group. A decrease in the AC may indicate a reduction in the levels of the compound, while an increase may indicate an increase in its concentration. Although the voltammogram cannot provide specific information on the exact nature of the LMWA, it can supply data concerning the reducing power or the total antioxidant capacity of the sample under investigation.
Analytical methods
Protein in M. fermentans cell fractions was determined by the method of Bradford (Bradford, 1976 ) using bovine serum albumin as the standard. The viability of HeLa cells invaded by M. fermentans was observed with the Viability/ Cytotoxicity Kit (Molecular Probes). Attempts to identify the reducing compounds in the cytosolic fractions of M. fermentans were made by high-pressure liquid chromatographic (HPLC) analyses using a RP C 18 column and a HPLC system (Kontron, Switzerland) equipped with an electrochemical detector (BAS). Analyses of soluble thiols within M. fermentans were analyzed by HPLC after fluorescence labeling with monobromobimane as described previously (Newton & Fahey, 1995 
Results and discussion
Mycoplasmas are considered to be surface parasites associated with the cell membrane of host cells (Rosengarten et al., 2000; Rottem, 2003) . However, as described recently, plasminogen binding to M. fermentans in the presence of uPA promotes the invasion of HeLa cells by this organism (Yavlovich et al., 2001) . Thus, when HeLa cells were infected by M. fermentans treated with plasminogen and uPA, intracellular located M. fermentans were detected within the host cells as early as 2 h postinfection by immunofluorescence staining followed by analysis with CLSM and by the gentamycin protection assay (Yavlovich et al., 2004) . The data presented in this paper show that as the infection proceeded, the number of intracellular organisms increased (Table 1) . High levels of M. fermentans were detected even 72 h postinfection. Likewise, after 72 h of infection with plasminogen1uPA-treated M. fermentans, the death rate of the infected HeLa cells was three times higher than the death rate of uninfected cells or cells infected with the untreated M. fermentans (data not shown) To detect mycoplasmal material reacting with anti-M. fermentans antibodies within HeLa cells, immunofluorescence staining followed by analysis with CLSM was performed (Yavlovich et al., 2004) . The results obtained showed that even 96 h postinfection, intracellular foci of fluorescence corresponding to intracellular mycoplasmas could be detected (data not shown). Bacterial invasion of eukaryotic cells is a complex process that involves a variety of bacterial and host cell factors. The internalization of HeLa cells by plasminogen1uPA-treated cells (Table 1) indicates that the ability of M. fermentans to invade host cell stems from its potential to bind plasminogen, and to activate it to plasmin, a protease with broad substrate specificity. plasminogen and uPA are two proteins that enhance the invasiveness of some bacteria such as Borrelia burgdorferi (Coleman et al., 1999) , therefore it is not surprising that the same system stimulates M. fermentans invasion.
The persistence of viable M. fermentans within HeLa cells for long periods of time is surprising in view of the previous finding (Yavlovich et al., 2004) that M. fermentans is unable to circumvent the host endocytotic pathway, and within the endosomes the organism is continuously exposed to low pH and oxidative stress (Miller & Britigan, 1997) . ROS have been increasingly implicated as playing a central role in the pathophysiology of clinical infection. These compounds exhibit a broad spectrum of biotoxicity and are crucial to host defense for the optimal microbicidal activity of neutrophils and other phagocytes. In response, microorganisms have developed complex strategies to defend themselves from the injury once oxidants are encountered (Miller & Britigan, 1997) . This defense mechanism appears to be practically important for intracellular pathogens as it aids in survival within the host cell.
It has been previously shown that the overall reducing capacity of a tissue or a solution indicates the overall scavenging capacity (Kohen & Nyska, 2002) . Therefore, the total reducing power of M. fermentans was evaluated by the CV method. This methodology ensured a rapid screening of the tested sample and a measurement of its ability to donate electron(s) and serves as a reducing antioxidant. It also made it possible to calculate the overall concentration of the reducing agents present in the sample tested without measuring specific compounds. The highest reducing capacity was recorded with M. fermentans and was 1.7-fold higher than that of the invasive M. penetrans (P = 0.001) and 18-fold higher than that of the noninvasive M. capricolum (P = 0.001). The reducing capacity of Escherichia coli, Staphylococcus aureus, Streptococcus pyogenes, Proteus mirabilis and Bacillus subtilis were very low (data not shown).
The reducing antioxidant activity of M. fermentans was further evaluated by the luminol-enhanced chemiluminescence assay. To a radical generating reaction mixture, samples of washed mycoplasma cells solubilized by Triton X-100 (10 mg cell protein/reaction) were added to measure their ability to scavenge the radical produced. Figure 2 shows that M. fermentans reduce the radical level in the SIN-1 cocktail that generates a flux of peroxide and NO, apparently because of a potent reducing antioxidant activity. This activity was more than twofold higher than that of M. penetrans (P = 0.02) and eightfold higher than that of M. capricolum (P = 0.001). The activity of M. capricolum was very low or nonexistent. Similar results were obtained with M. fermentans cells solubilized by CHAPS, sodium deoxycholate or Zwittergent 3-12 (data not shown) or when the SIN-1 cocktail was replaced by a reaction mixture containing urea (1 mM), hydrogen peroxide (1 mM) and Na 2 SeO 3 (2 mM) which generates a constant flux of H 2 O 2 (data not shown). In the experiments performed the mycoplasmas were added eitherbefore the reaction mixture activation (data not shown) or when the peak initiated by the radicals was reached.
Oxidative stress resistance is one of the key properties that enable pathogenic bacteria to survive the effects of reactive oxygen within the host. Therefore, the bacterial factors that are involved in resisting oxidative stress are important for bacterial colonization, survival and pathogenesis. Microorganisms developed two highly specific and effective major pathways of oxidant inactivation-antioxidant enzymes and LMWA as nonenzymatic antioxidants. Effective enzymatic pathways utilized by bacteria against toxic oxygen-free radicals are composed of direct acting proteins. Nearly all aerobic and facultatively anaerobic microorganisms, with the exception of the Streptococcus species, synthesize a form of catalase and/or peroxidase (Miller & Britigan, 1997) . Different amount of catalase production have been found in a number of microorganisms in association with their susceptibility to phagocyte killing (Hassett & Cohen, 1989) . Other enzymatic antioxidant systems described in bacteria are the superoxide dismutase widespread in several species of gram-negative bacteria and the glutathione reductase systems (Hassett & Cohen, 1989; Haas & Goebel, 1992) . In Mycoplasma species neither glutathione reductase nor superoxide dismutase were detected but in all mycoplasmas tested so far high levels of a thioredoxin reductase activity (Ben-Menachem et al., 1997) . It has been suggested that this system functions as a detoxifying system protecting mycoplasmas from reactive oxygen compounds, either by direct catalysis of the reduction of protein disulfides or by maintaining intracellular pools of low molecular mass thiol metabolites in their reduced form (Ben-Menachem et al., 1997) . Nonenzymatic mechanisms are also effective in scavenging oxygen and protecting microorganisms from phagocyte oxidants. The LMWAs contain numerous compounds capable of preventing oxidant damage by direct and indirect interaction with ROS. They react with the radical compounds and remove them by donating an electron(s) to the reactive species. Because these compounds are small molecules, they can penetrate cellular membranes and be localized in close proximity to the target. This antioxidant pathway appears in some bacteria as Legionella pneumophila, Pseudomonas aeruginosa, Mycobacterium leprae and others and is capable of scavenging oxidants (Newton et al., 1996; Miller & Britigan, 1997) . Figure 3 shows that the reducing capacity of the cytosolic fraction was threefold higher than that of the membrane preparation (P = 0.01). The reducing capacity of the cytosol was decreased by more than 90% upon dialysis (P = 0.01), but was not affected by prolonged proteolysis (25 mg mL À1 proteinase K for 30 min at 37 1C) or by heating for 10 min at 80 1C (data not shown). These results suggest that the major reducing compound is not a protein but a LMWA compound(s). This was further established by gel chromatography analysis on a Bio-Gel P-4 column and by HPLC analysis (data not shown).
Our data support the notion that a non enzymatic mechanism that functions with a LMWA compound(s) serves in M. fermentans as a mechanism that may explain, at least in part, the survival of this organism within host cells for prolonged periods of time. Although M. fermentans is unable to circumvent the host endocytotic pathway and the organism is continuously exposed within the endolysosomes to oxidative stress, viable mycoplasmas were detected within the HeLa cells for as long as 72 h postinfection (Table 1) . This observation suggests that M. fermentans possesses a protecting mechanism capable of scavenging oxygen radicals produced within the host cells and escaping the immune system and antibiotics treatment resulting in chronic infections (Simpson et al., 1989) . Low-molecular-weight thiols also play a role in protecting cells against oxygen toxicity (Newton et al., 1993) . In eukaryotes, and some prokaryotes such as gram-negative bacteria, low GC gram-positive bacteria, cyanobacteria and purple bacteria, glutathione (GSH) is the major active thiol. In other bacteria low molecular weight thiols that may play a role analogous to that of glutathione such as, CoA-SH, mycothiol (MSH), g-glutamyl cysteine or d-(L-a-amidoaddipyl)-cysteinyl- D-valine (ACV) were described (Newton et al., 1993) . As mycoplasmas are low GC bacteria phylogenetically related to low GC gram-positive bacteria the possibility that the active reducing compound present in M. fermentans is glutathione was very intriguing. Therefore, the presence of thiols in the low-molecular weight active fraction, obtained by the BioGel P-4 chromatography, was analyzed by HPLC after fluorescence labeling with monobromobimane (Newton & Fahey, 1995 
